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MICRO ELECTROMECHANICAL SYSTEMS FOR DELIVERING HIGH 
PURITY FLUIDS IN A CHEMICAL DELIVERY SYSTEM 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application claims priority from the following U.S. Provisional Patent 
Application Serial Nos.: 60/436,731, entitled "Integrated Purge For MEMS-Based Liquid 
Mass Flow Controller and/or Meter", filed December 27, 2002; and 60/436,732, entitled 
"Reverse Orientation of Micro-Valves in Gas/Liquid Chemical Delivery Systems", filed 
December 27, 2002. The disclosures of these provisional patent applications are 
incorporated herein by reference in their entireties. 

BACKGROUND OF THE INVENTION 

1 . Technical Field 

The present invention pertains to miniaturized chemical delivery systems. In 
particular, the present invention pertains to micro electromechanical systems for delivery 
of high purity chemicals to a manufacturing or other process. 

2. Discussion of the Related Art 

Micro electromechanical systems, or MEMS, are miniature systems used in a 
variety of applications. In particular, fluidic MEMS are used to transport and dispense 
gaseous and/or liquid fluid media for a number of applications. Fluidic MEMS include a 
variety of different components, including miniaturized valves, nozzles, pumps, orifices, 
sensors (e.g., pressure and/or temperature), reservoirs, etc. that include micro-channels 
sized on the order of microns or even nanometers. These MEMS components are typically 
manufactured utilizing one or a combination of conventional manufacturing techniques, 
such as bulk or surface micro-machining, high-aspect ratio micro-machining (HARM), 
and LIGA (referring to the German process of Lithographie / Galvanoformung / 
Abformung, or lithography / electroplating / molding). 

The most advanced implementations of fluidic MEMS to date are in inkjet printer 
heads and micro-sensors utilized for biological and chemical analysis systems. The 
application of fluidic MEMS is highly desirable in other fluid distribution systems, such as 



1 



high purity gas and liquid delivery and distribution systems for semiconductor fabrication 
and processing applications. 

A number of different high purity liquid chemicals, including a wide spectrum of 
aqueous and organic solutions, are utilized for various production processes, such as 
5 chemical precursors for growing thin films in semiconductor and optics manufacturing 
(e.g., metal-organic compounds in solvents such as isopropanol, octane, tetrahydrofuran, 
toluene, etc.), as well as reactants, carriers and/or analytes in chemical, biochemical and 
pharmaceutical synthesis and analysis. Many of these chemicals can be easily 
contaminated (e.g., by exposure to air, particulate material, moisture, etc.) in the system 

10 distribution lines, resulting in reduced production yields or the formation of solids that 
may become embedded within and even clog distribution lines. In semiconductor 
manufacturing, for example, many metal-organic precursor chemicals react with oxygen 
and moisture, producing solid deposits that contaminate the distribution lines. In addition, 
many of the chemicals utilized in the distribution lines are toxic and/or present a fire 

1 5 hazard or explosion risk. Therefore, during long inactive periods when supply containers 
or sections of the distribution lines are disconnected from other parts of the system, the 
distribution lines often need to be subjected to an inert gas, a vacuum, and/or a liquid 
solvent to purge the lines of residual chemicals disposed therein, and to prevent the escape 
of chemicals into the surrounding atmosphere and also the interior of the distribution lines 

20 from intrusion of ambient air or other contaminants. 

The delivery of chemicals within the high purity delivery system can be 
accomplished utilizing pressurization, pumping, and/or gravity. An inert gas, such as 
helium, is utilized to pressurize the chemicals in the distribution lines as well as chemical 
storage sources for supplying chemicals to the distribution lines. In order to provide a 

25 continuous delivery of one or more chemicals through the delivery system, often two or 
more containers are provided in series or in parallel with the distribution lines. When one 
container is empty, another container is brought on-line to continue supply of chemicals 
while the empty container is refilled. 

While it is highly desirable to provide fluidic MEMS for high purity chemical 

30 distributions systems such as those noted above, the readily available and most commonly 
used equipment utilized for such distribution systems are conventional high purity valve 
and pipe fitting products, such as valves, VCRs, compression, flared, and pipe thread 
products commercially available from Swagelok (Solon, Ohio, e.g., NUPRO® products) 
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and MKS Instruments, Inc. (Andover, Massachusetts). The conventional high purity 
fluidic components are adequate for many applications when a moderate number of 
components are necessary and higher chemical flows and/or pressures are required. 
However, such conventional components are less desirable when system size becomes an 
5 issue, particularly, when dealing with very low volumetric flows, e.g., 20 cubic 
centimeters per minute (ccm) or less. As the number of components (e.g., valves, sensors, 
mass flow controllers, etc.) increases, integration of conventional connectors and tubing 
into complex chemical distribution systems, not to mention conventional electronics 
control blocks (typically controlled by conventional programmable logic controllers), 

10 becomes cumbersome and quite expensive as well as requiring additional floor space to 
house the system. Further, these distribution systems are difficult to operate and control, 
as most individual components require dedicated control lines (electrical or pneumatic) 
and are more prone to contamination due to the increased system volume and the 
increasing difficulties associated with cleaning, purging and evacuating distribution lines 

1 5 within the system. 

The implementation of MEMS into high purity systems would eliminate many of 
the problems associated with the bulkiness, contamination problems, increased expense 
and excessive size of complex fluid delivery systems utilizing conventional non-MEMS 
components. However, despite the advantages associated with employing MEMS, there 

20 has been a reluctance to utilize MEMS in high purity chemical distribution systems due to 
certain problems associated with MEMS components. In particular, MEMS shut-off 
valves, an important component in any fluid distribution system design, presently do not 
have sufficient sealing characteristics that would render such valves useful for complex 
distribution systems. 

25 One of the most reliable and highly developed MEMS shut-off valves that 

presently exists is a cantilever-type valve, an example of which is the MEMS-Flow™ 
Ultra-Clean Shut-Off Valve commercially available from Redwood Microsystems, Inc. 
(Menlo Park, California). A detailed disclosure of the MEMS-Flow™ valve of Redwood 
Microsystems, Inc. is described in U.S. Patent No. 5,865,417, the disclosure of which is 

30 incorporated herein by reference in its entirety. In particular, this cantilever-type valve is 
formed by a micromachining process on a die or block and includes a cantilevered valve 
element and input and output channels disposed on in the block. In a normally closed 
position, the cantilevered valve element blocks an exit port within the valve to prevent 
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fluid communication in a direction from the input channel to the output channel of the 
valve. The valve element is moved by a fluid filled membrane that flexes in response to 
energy inputs that heat the fluid within the membrane, forcing the valve element away 
from its sealing engagement so as to unblock the exit port and permit fluid to flow through 
5 the valve. 

The problem associated with the cantilever-type design for MEMS shut-off valves 
is that they possess an asymmetrical sealing characteristic. In particular, these types of 
shut-off valves are "directional" and have a different leakage rate depending upon the 
direction of the pressure differential across the valve. In a normally closed position (i.e., 
10 the cantilever valve element blocks the exit port), leakage across the valve seal differs for 
the same pressure differential applied in the forward flow (i.e., inlet channel to outlet 
channel) orientation of the valve vs. the reverse flow (i.e., outlet channel to inlet channel) 
orientation. 

In contrast, conventional shut-off valves, such as the Swagelok series of diaphragm 
15 shut-off valves, are less susceptible to valve leakage due to the development of positive 
and negative pressure differentials during system operation. Typical sealing requirements 
for shut-off valves used in semiconductor electronics manufacturing equipment is a 
leakage rate of no greater than about 1 x 10" 9 Atm (measured with He) x standard cubic 
centimeters per second (i.e., Atm(He)* sec/sec). The cantilever-type shut-off valve design 
20 can yield a much larger leakage rate, particularly when negative pressure differentials 
develop across the valve approaching 20 psi (1.36 Atm) and greater. 

Further, the integration of too many MEMS components into a single die may 
result in a reduced reliability and flexibility of the distribution system, where undesirable 
interactions or interference may occur between different sensors or actuators associated 
25 with the die. 

In addition, the scaling of common types of fluid controllers into MEMS 
components can present problems. For example, the use of conventional MEMS mass 
flow controllers often becomes unreliable and presents quality issues, particularly in high 
purity chemical distribution applications, due to partial or even complete clogging of 
30 micro-channels or orifices that can occur during use of the mass flow controller. 
Frequently, such clogging and contamination problems occur when operation of the mass 
flow controller is halted for a period of time, resulting in residual and stagnant chemical 
fluid within the system block. Due to the extremely small internal dimensions and internal 
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volume of the MEMS micro-channels, clogging of these channels with stagnant chemicals 
(e.g., due to particulates in the chemicals, precipitation of the chemicals, etc.) can occur 
with only a short interruption in flow through the flow controller block. The clogging 
problem can be minimized by scaling up the dimensions of the MEMS components. 
5 However, enlarging the size of the MEMS system diminishes the advantages associated 
with utilizing MEMS technology. 

Thus, the integration of MEMS valves and other MEMS components into complex 
and miniature high purity fluid distribution systems is difficult and is not as simple as 
combining conventional, non-MEMS components together to form a particular chemical 
1 0 flow configuration. 

OBJECTS AND SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention is to provide a chemical 
distribution system employing MEMS components and having suitable valve sealing 
characteristics. 

15 It is another object of the present invention to provide a chemical distribution 

system employing MEMS components and having a high degree of reliability and 
enhanced performance. 

It is a further object of the present invention to provide a complex high purity 
chemical distribution system employing MEMS components disposed on a plurality of 

20 system blocks that are in fluid communication with each other. 

The aforesaid objects are achieved individually and/or in combination, and it is not 
intended that the present invention be construed as requiring two or more of the objects to 
be combined unless expressly required by the claims attached hereto. 

According to the present invention, a fluid distribution system includes a first valve 

25 and a second valve. Each of the first and second valves includes a first channel in fluid 
communication with a second channel and a sealing member disposed between the first 
and second channels to selectively provide an asymmetric fluidic seal between the first 
and second channels such that, when a pressure differential is equally applied in opposing 
directions between the first and second channels, a fluid leakage rate across the sealing 

30 member is higher when fluidic pressure within the second channel is greater than fluidic 
pressure in the first channel in comparison to when fluidic pressure in the first channel is 
greater than fluidic pressure in the second channel. The first and second valves are 
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implemented in the system in opposing orientations with respect to each other such that, 
when the second channel of the first valve serves as an outlet of the first valve, the second 
channel of the second valve serves as an inlet of the second valve. Preferably, at least a 
portion of each of the first and second valves is formed in a block and is in fluid 
5 communication with at least one channel disposed in the block and extending between the 
first and second valves. Thus, the system provides a combined or dual MEMS valve 
combination that renders a symmetric seal across the two valves. 

In another aspect of the present invention, a fluid distribution system includes a 
fluid supply source, a block including at least one fluid distribution channel disposed 

10 within the block, an inlet port in fluid communication with the fluid supply source to 
receive and deliver a fluid in a first direction from the inlet port to an outlet port of the 
block via the at least one fluid distribution channel, and a valve at least partially formed 
within the block and in fluid communication with the at least one fluid distribution 
channel. The valve further includes a sealing member that selectively provides an 

15 asymmetric fluid seal such that, when a pressure differential is equally applied across the 
valve in the first direction and in a second direction that opposes the first direction, a fluid 
leakage rate across the sealing member is higher when fluid flows in the first direction in 
comparison to when fluid flows in the second direction. 

In still another aspect of the present invention, a fluid distribution system includes 

20 a first block with a pressurization channel disposed within the first block, a pressure sensor 
at least partially formed within the first block and in fluid communication with the 
pressurization channel, and a plurality of valves at least partially formed in the first block 
and in fluid communication with the pressurization channel to facilitate pressurizing of a 
pressurization fluid entering the pressurization channel from a pressurization supply 

25 source to a selected pressure prior to delivery of the pressurization fluid to a first process 
fluid supply source. The system further includes a second block with a network of 
delivery channels disposed within the second block, and a plurality of valves at least 
partially formed within the second block and in fluid communication with the network of 
delivery channels to facilitate a supply of a process fluid to a delivery site from at least one 

30 of the first process fluid supply source and a second fluid supply source. 

In a further aspect of the present invention, an integrated flow meter and internal 
purge system includes a first shut-off valve in fluid communication with a main flow path 
of the system to selectively control input of a fluid into the system from a fluid supply 



source, a second shut-off valve in fluid communication with the main flow path to 
selectively control output of the fluid from the system to a delivery site, and a flow meter. 
The flow meter includes a sensor in fluid communication with the main flow path and 
disposed between the first and second shut-off valves, and a control valve in fluid 
5 communication with the main flow path and disposed between the first and second shut- 
off valves. The sensor measures a physical property of the fluid flowing through the main 
flow path, and the control valve selectively controls the flow rate of the fluid flowing 
through the main flow path based upon measurements of the sensor. 

The system further includes a purge delivery line with a purge inlet flow path in 

10 fluid communication with the main flow path and a purge inlet port to facilitate delivery of 
a purge fluid from a purge fluid supply source to the purge inlet flow path. The purge 
fluid inlet flow path is disposed between the first shut-off valve and the flow meter and 
further includes a third shut-off valve to selectively control the flow of purge fluid from 
the purge fluid supply source into the purge inlet flow path. A purge outlet flow path is in 

1 5 fluid communication with the main flow path and a purge outlet port to facilitate delivery 
of a purge fluid from the purge outlet flow path to a purge fluid collection site. The purge 
outlet flow path is disposed between the flow meter and the second shut-off valve and 
further includes a fourth shut-off valve to selectively control the flow of purge fluid from 
the purge outlet flow path to the purge fluid collection site. Each of the main flow path, 

20 the shut-off valves, flow meter and purge fluid delivery line can be at least partially 
formed within a block, so as to yield a MEMS system. 

The above and still further objects, features and advantages of the present 
invention will become apparent upon consideration of the following detailed description of 
specific embodiments thereof, particularly when taken in conjunction with the 

25 accompanying drawings wherein like reference numerals in the various figures are utilized 
to designate like components. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a cross-sectional view of a "directional" MEMS shut-off valve employed 
30 in high purity distribution systems in accordance with the present invention. 

Figs. 2a and 2b depict a schematic view of a fluid distribution system including 
two "directional" MEMS shut-off valves oriented in opposing directions with respect to 
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each other in accordance with the present invention to establish a combined valve with 
symmetric sealing characteristics. 

Figs. 3a and 3b depict a schematic view of a fluid distribution block in accordance 
with the present invention and including vacuum/purge/cleaning modes of operation, with 
a "directional" MEMS shut-off valve disposed in a reverse orientation with respect to the 
flow of fluid in the delivery mode. 

Figs. 4A-4G depict schematic views of a fluid distribution system in accordance 
with the present invention and including a fluid distribution block with a plurality of 
MEMS shut-off valves and MEMS pressure sensors in fluid communication with a 
chemical storage tank and a fluid delivery line. 

Figs. 5A-5E depict schematic views of another fluid distribution system in 
accordance with the present invention and including a fluid pressurization block and a 
valve switch block, each having a plurality of MEMS components, in fluid communication 
with a chemical storage tank and a fluid delivery line. 

Fig. 6 depicts a schematic view of the integration of the systems depicted in Figs. 
4B and 5A. 

Figs. 7A and 7B depict a schematic view of a mass flow controller system block 
employing MEMS components in accordance with the present invention. 

Fig. 8 depicts a schematic view of the integration of the systems of Figs. 6 and 7. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

High purity fluid micro electromechanical systems (MEMS) are described that are 
capable of delivering liquid and/or gas streams to a delivery site while maintaining a high 
level of purity of the streams. The MEMS include a variety of miniature fluid processing 
components, such as valves, sensors (e.g., pressure, temperature, flow, galvanic, acoustic, 
optic, etc.), orifices, pumps, mixers, reservoirs, etc., that are disposed on one or more dies 
or blocks. Each of the MEMS components can be any conventional, commercially 
available or other suitable type. Examples of manufacturers of commercially available 
MEMS components (e.g., valves, pressure/temperature sensors, mass flow controllers, 
etc.) are Redwood Microsystems, Inc. (Menlo Park, California), Analog Devices Inc. 
(Norwood, Massachusetts), and IC Mechanics, Inc. (Pittsburgh, Pennsylvania). 

Typically, MEMS components are formed on one or more dies or blocks utilizing 
any one or a combination of MEMS manufacturing techniques including, without 
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limitation, lithography, etching, wet anisotropic etching, electroplating, micro-machining 
(e.g., bulk micro-machining, surface micro-machining, and high aspect ratio micro- 
machining or HARM), and combinations there of (e.g., LIGA or lithography, 
electroplating and molding). These techniques facilitate the formation of thin layers on 
5 the order of microns on the die or block to form the miniaturized MEMS component. Any 
one or plural (i.e., two or more) MEMS components can be formed on a single block. The 
die or block is simply a suitable substrate of sufficient thickness to facilitate formation of 
channels and/or portions of a particular MEMS component (e.g., by any of the previously 
described processes). The MEMS components described herein, including the die or 

1 0 block and any other portions forming the components, may be constructed of any suitable 
material including, without limitation, metals such as stainless steel, silicon, polymers, 
pyrex, alumina, ceramics, and any selected combinations thereof. In particular, two or 
more MEMS components (e.g., a valve and sensor) that are implemented on a block are in 
fluid communication with each other via at least one micro-channel disposed within the 

15 block. 

Any single or combination of two or more blocks containing any combination of 
MEMS components can be fluidly connected to provide a complex MEMS fluid 
distribution system. MEMS components may be integrated into separate blocks so as to 
organize the blocks by functional or geometric design. For example, separate MEMS 

20 blocks may be designed for functions such as pressurization of fluid delivered from a 
supply tank, flushing of solvent in the system, evacuation and waste handling, providing 
precise pressure and flow control (e.g., a mass flow controller MEMS block), etc. 
Alternatively, any suitable number of MEMS components arranged in different functional 
groups may be arranged on a single block. Further, conventional valves, fluid lines and/or 

25 other components may be in fluid communication with one or more MEMS blocks, 
depending upon system requirements. Multiple blocks may be connected to each other 
and/or other conventional fluid supply components by conventional high purity lines (e.g., 
metal and/or plastic) and conventional connectors (e.g., O-rings or gaskets, PVC, flared or 
compression fittings, welds, etc.) 

30 Preferably, the MEMS components formed in accordance with the present 

invention have cross-sectional dimensions (e.g., channel width or diameter) no greater 
than about 200 micrometers (microns), more preferably no greater than about 100 
microns, even more preferably no greater than about 50 microns. For example, MEMS 



components may be designed with cross-sectional dimensions less than about 20 microns, 
less than about 10 microns, even less than about 5 microns (e.g., in the nanometer range). 

The internal system volume within a particular block including one or more 
MEMS components is preferably no greater than about 20 cubic centimeters (cc), more 
5 preferably no greater than about 10 cc, even more preferably no greater than about 5 cc, 
and most preferably no greater than about 2 cc or even about 1 cc. The depth of flow 
channels within blocks containing MEMS components preferably is no greater than about 
1 0 millimeters (mm), more preferably no greater than about 5 mm, and most preferably no 
greater than about 2 mm. The dimensions of MEMS components within these ranges 

10 facilitates the delivery of high purity gases at precisely controlled moderate and low flow 
rates of about 5 standard liters per minute (SLM) or less for gases, and about 200 cubic 
centimeters per minute (ccm) or less for liquids. Preferably, gases are delivered within the 
MEMS components in a range of about 0.1 to about 2 SLM, and liquids in a range of 
about 0.1 ccm to about 200 ccm. However, gas flow rates within MEMS components may 

15 be higher than 5 SLM or, alternatively, lower than 0.1 SLM (e.g., 0.5 SLM or less). 

Shut-off valves are important components in the MEMS fluid distribution blocks to 
seal and isolate selected flow lines during various periods of system operation (e.g., 
purging or evacuating flow lines, directing process fluid through specified flowpaths, etc.). 
An exemplary shut-off valve utilized in the MEMS devices of the present invention is 

20 depicted in Fig. 1 . The valve is similar in design and operation to the cantilever-type shut- 
off valves that are well known in the art as described above. The shut-off valve is 
manufactured utilizing any of the above-identified MEMS techniques, with portions of the 
valve being composed of any suitable materials as noted above. 

Shut-off valve 1 includes a die section 2 formed on a substrate or block 4 with 

25 micro-channels formed within the block to provide flowpaths for the valve as described 
below. A cavity is defined between the die section 2 and the block 4, and a cantilevered 
valve member 6 is disposed within the cavity and pivotally secured at one end to the die 
section 2. A fluid flow path is defined within the valve by a generally vertically extending 
first channel 8 communicating with a flow passage including a general horizontal section 

30 extending below valve member 6 and a general vertical section extending at an upstream 
location to a valve sealing point defined by the interaction of valve member 6 and a 
sealing die section 12. A second channel 14 is disposed downstream of the valve sealing 
point and includes a generally horizontal section extending from the valve sealing point 
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and a generally vertical section extending into the block 4. The first and second channels 
8 and 14 are in fluid communication with other micro-channels disposed in the block 4 
that provide a fluid flow path to other components defined on the block 4 and/or disposed 
at locations removed from the block 4. As depicted by the arrows in Fig. 1, the first 
5 channel 8 serves as the inlet channel and the second channel 14 serves as the outlet 
channel for the valve 1 . 

In a normally closed position, the valve member 6 engages sealing die section 12 
to substantially prevent fluid from flowing from the inlet channel 8 to the outlet channel 
14. A membrane 16 is disposed at a location between die section 2 and valve member 6 

10 and includes a sealed fluid that, when heated, effects movement of the membrane 16 to in 
turn effect pivotal movement of valve member 6 from the normally closed position to a 
position removed from sealing die section 12. An actuator 18, including resistor elements, 
receives electrical energy inputs to heat the fluid within the membrane so as to cause 
movement of the membrane and resultant pivotal movement of the valve member 6. Thus, 

1 5 when valve 1 is in the open position, fluid moves through the valve from the first or inlet 
channel 8 to the second or outlet channel 14 as generally indicated by the arrows in Fig. 1 . 

As noted above, the cantilever-type MEMS shut-off valve of Fig. 1 is basically a 
"directional" valve having asymmetrical sealing characteristics. This type of valve 
performs well in the normally closed position when the valve is implemented in a forward 

20 orientation with respect to fluid flowing through the valve in a positive flow direction as 
indicated by the arrows in Fig. 1 (i.e., from the first or inlet channel 8 to the second or 
outlet channel 14). However, the fluid leakage rate (i.e., the flow rate at which fluid leaks 
around the sealing member when the sealing member is in the closed position) for the 
same pressure differential is greater in the negative flow direction (i.e., in the direction 

25 from the second channel to the first channel) in comparison to the positive flow direction, 
due to the fluid acting on the valve member 6 in a direction opposing the sealing 
engagement with the sealing die section 12. As the pressure differential increases to about 
5-10 psi (about 34.5-70 kPa) or greater, the fluid leakage rate becomes very high in the 
negative flow direction and exceeds the semiconductor processing industry standard for 

30 acceptable leakage of fluids (e.g., about 1 x 10~ 9 Atm* sec/sec when utilizing helium). 

The directionality and asymmetrical leakage characteristics of this cantilever-type 
valve are a concern in complex, multi-state chemical processing and distribution systems. 
Many complex systems require venting, purging and/or evacuation of fluids in addition to 
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the primary mode of delivering fluid to a particular destination or delivery site. In 
alternating between the primary delivery mode and other modes, the pressure gradient 
across a shut-off valve can reverse during system operation. In situations where highly 
reactive and toxic chemical compounds are utilized (e.g., during semiconductor 
5 fabrication), this can create serious problems. Thus, the use of conventional cantilever- 
type MEMS shut-off valves in complex high purity distribution systems can present 
reliability issues during system operation. 

The asymmetrical leakage problem is resolved, in accordance with the present 
invention, by implementing a distribution flow system with at least one shut-off valve 

10 positioned in a reverse orientation with respect to the normal flow of fluid through the 
system. Preferably, at least two cantilever-type valves are oriented in opposite directions 
with respect to each other. In particular, one of the "directional" cantilever-type valves is 
implemented in a forward orientation with respect to the normal flow path of fluid through 
the valve (i.e., in the manner as described above and depicted in Fig. 1, where the normal 

15 flow of fluid is from the first or inlet channel 8 to the second or outlet channel 14), while 
the other valve is implemented in a reverse orientation with respect to the normal flow 
path of fluid through the valve (i.e., the normal flow of fluid through the valve is from the 
second channel 14 to the first channel 8). An exemplary embodiment of this orientation is 
depicted in the system block schematically depicted in Figs. 2a and 2b. It is noted that, in 

20 all of the figures described herein in which portions of a distribution system are 
schematically depicted, the forward or reverse orientation of the "directional" cantilever- 
type valve is represented by an arrow indicating the direction from the first channel to the 
second channel of the valve (where the first and second channels are as described in Fig. 
1), and a divided quarter section of the valve is either shaded to indicate the valve is in a 

25 closed position or un-shaded to indicate the valve is in an open position. 

System block 40 includes shut-off valves 44 and 46 that are similar to the design of 
the valve depicted in Fig. 1 , with arrows 42 depicting the normal flow of fluid through the 
system during a chemical delivery mode. The first valve 44 is oriented in a forward 
orientation with respect to normal fluid flow during chemical delivery mode (i.e., the first 

30 channel of valve 44 serves as the inlet and the second channel serves as the outlet). In 
contrast, the second valve 46 is oriented in a reverse orientation with respect to normal 
fluid flow and an opposing direction with respect to the first valve 44 (i.e., the second 
channel of valve 46 serves as the inlet and the first channel serves as the outlet). The 
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valves are both open in Fig. 2a to permit fluid to flow through the system, and both valves 
are closed in Fig. 2b to prevent fluid from flowing between the valves. This combined 
valve orientation provides an effective and symmetric seal on either opposing side of the 
two valves when both valves are closed, thus significantly reducing the potential for high 
5 leakage that would otherwise exist for a single "directional" valve. Further, the addition 
of a second MEMS valve in this manner in a flow distribution system would have little or 
no effect in increasing the system size, as the two valves could be integrated into a single 
MEMS block. 

Thus, the combined valve orientation described above facilitates the use of the 
10 cantilever-type shut-off valve in a complex chemical distribution system, particularly in 
systems where high pressure differential seals are required and/or varying pressure 
differentials are capable of developing in different branches or sections during system 
operation. In particular, complex systems may be designed that facilitate pressurization of 
fluids for delivery, providing vacuum, cleaning and/or purging of distribution lines, and 
15 further combined with precise mass flow control, etc. 

Pairs of opposing valves, as set forth in Figs. 2a and 2b, may be positioned at all 
MEMS shut-off valve locations in the system. Alternatively, one or more valves may be 
oriented in a reverse orientation with respect to the normal flow of fluid (i.e., with the 
second channel of the valve serving as the inlet channel and the first channel serving as the 
20 outlet channel) at one or more selected locations where reversing pressure differentials are 
anticipated during system operation. It is further noted that the configuration of Figs. 2a 
and 2b may be further modified to combine the "symmetrical" dual or combination valve 
design so as to utilize a single membrane to effect the simultaneous opening and closing of 
both valves. 

25 In an exemplary embodiment depicted in Figs. 3a and 3b, a MEMS shut-off valve 

is implemented in a reverse orientation with respect to the normal flow direction of fluid 
through the system block during a chemical delivery mode to facilitate cleaning of the 
distribution lines upstream of the valve while preventing significant leakage of 
downstream fluid through the valve. Referring to Fig. 3 a, a system block 50 includes a 

30 first shut-off valve 54 that is open and through which fluid flows from a branched delivery 
line 53 (as indicated by arrows 52) for delivery to a particular location, such as a 
semiconductor processing tool (e.g., a manifold for delivering one or more chemicals to a 
semiconductor fabrication process and/or any conventional or other manufacturing tool 
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utilized in a semiconductor fabrication process). Valve 54 is implemented in a reverse 
orientation with respect to the normal flow of fluid from delivery line 53 through the valve 
(as indicated by the arrow depicted in Fig. 3a for valve 54). 

A second shut-off valve 56 is disposed upstream of the first shut-off valve 54 and 
5 is in a closed position during the chemical delivery mode. The second shut-off valve 56 
serves as a purge valve to permit a cleaning gas or liquid to flow into and clean the 
distribution lines when the chemical delivery is halted in block 50. A third shut-off valve 
58 is situated on a second branch line disposed between the first and second shut-off 
valves. The third shut-off valve 58 also serves as a purge valve to permit a cleaning gas or 

1 0 liquid to flow into and clean the distribution lines when chemical delivery in the block is 
halted. Both the second and third shut-off valves are implemented in a forward orientation 
with respect to purging fluid flowing through each valve into the system block (as 
indicated by the arrows depicted in Fig. 3a for valves 56 and 58). Since the purging fluid 
is maintained at a higher pressure than the pressure applied during the chemical delivery 

15 mode, the second and third shut-off valves maintain a tight seal when in their closed 
positions to prevent mixing of purging fluid with the fluid delivered from the system block 
through the first shut-off valve 54 and to the delivery location. 

During periods when the chemical delivery mode is halted (e.g., when the chemical 
supply source needs to be refilled and/or changed), the first shut-off valve 54 is closed, as 

20 depicted in Fig. 3b, and the distribution lines can be purged and/or cleaned by applying a 
vacuum at line 53. The applied vacuum draws any residual fluid in the lines through line 
53 (as indicated by arrows 59) and to a desired evacuation destination (e.g., a collection 
tank). Optionally, one or both of the second and third shut-off valves 56,58 may be 
opened to deliver a purging/cleaning fluid into the distribution lines for further cleaning of 

25 the lines prior to switching back to the chemical delivery mode. 

During the vacuum/purging/cleaning mode, the pressure upstream from the first 
shut-off valve 54 drops, while the pressure downstream from the valve 54 is substantially 
maintained the same as when fluid is flowing in the chemical delivery mode. However, 
the reverse orientation of the valve 54 effectively prevents backflow of chemical fluid 

30 from valve 54 into the distribution lines being purged and/or cleaned. 

In the embodiments schematically depicted in Figs. 4A-4G, a system block 
facilitates delivery of a chemical fluid to a particular delivery site (e.g., a semiconductor 
processing tool) and further incorporates separate pressurization and 
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vacuum/purge/cleaning lines into a single MEMS block. Alternatively, it is noted that 
these components may also be integrated into any selected number of separate blocks that 
are in fluid communication with each other. 

Referring to Fig. 4 A, a fluid distribution system includes a processing block 100 
5 that pressurizes and receives chemical fluid from a storage tank 102 for delivery at a 
selected pressure from the block. Specifically, block 100 includes at least five 
"directional" cantilever-type MEMS shut-off valves that are all similar in design to the 
valve depicted in Fig. 1. Block 100 further includes a pair of MEMS pressure sensors 
disposed at certain locations to measure the chemical to be delivered to the site from tank 
10 102. Any one or more conventional or other suitable processors may be utilized to 
facilitate communication with and control of the MEMS valves and sensors during system 
operation. 

A pressurization channel 101 is disposed in block 100 and extends to a 
pressurization inlet port that is in fluid communication with a non-MEMS pressurization 

15 line 128 (e.g., metal steel or plastic tubing) extending from the block 100 to a 
pressurization supply source (not shown). The pressurization source may be a supply tank 
containing a suitable pressurization fluid (e.g., helium). The pressurization channel 101 
extends within block 1 00, forming a T-branch that extends at each side of the T-branch to 
first and second shut-off valves 104 and 106. The first and second shut-off valves 104, 

20 106 are implemented on block 100 in a forward orientation with respect to the normal flow 
of pressurization fluid flowing through these valves but in opposing orientations with 
respect to each other (as indicated by the arrows depicted in Fig. 4A for valves 104 and 
106). A channel 103 extends in the block 100 from the first shut-off valve 104 to a 
pressurization outlet port that is in fluid communication with a non-MEMS pressurization 

25 line 130 extending from the block to storage tank 102. Optionally, a conventional, high 
purity non-MEMS shut-off valve 132 (e.g., a butterfly valve) may be implemented along 
line 130 near tank 100 to facilitate sealing and isolation of the tank from the system block 
during periods of purging/cleaning of the system block as described below. 

Disposed downstream from second shut-off valve 106 and implemented in series 

30 along a main flow channel 109 disposed within block 100 are the following MEMS 
components (in sequential order): a first pressure sensor 108, a third shut-off valve 110 
and a second pressure sensor 112. The third shut-off valve 110 is implemented in the 
block 100 in a reverse orientation with respect to the normal flow of fluid through the 
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block during the chemical delivery mode (as indicated by the arrow on valve 1 10 in Fig. 
4 A). Channel 109 further extends downstream from the second pressure sensor 1 12 to an 
outlet port for block 100. The outlet port is in fluid communication with a non-MEMS 
fluid delivery line 122 that delivers fluid from the block 100 to the delivery site (e.g., a 
5 semiconductor processing tool). 

A chemical supply channel 113 disposed within the system block 100 branches 
from the main channel 109 at a location between the first pressure sensor 108 and the third 
shut-off valve 110. The chemical supply channel 113 extends to a chemical supply port 
that is in fluid communication with a non-MEMS chemical supply line 134 extending 

10 from the block 100 to supply tank 102. Optionally, a conventional, high purity non- 
MEMS shut-off valve 136 may be implemented along line 134 near tank 100 to facilitate 
sealing and isolation of the tank from the system block during periods of purging/cleaning 
of the system block as described below. In addition, lines 130 and 134 are preferably 
connected to each other via an exhaust line 138 to permit exhausting of residual fluid from 

15 the system block through exhaust line to a collection site (not shown) during a 
vacuum/purge/cleaning mode. Conventional, non-MEMS valves 140, 142 may be 
provided on exhaust line 138 to seal the exhaust line from the tank 100 and the system 
block 100 during periods of non-use. 

A gas purge/liquid flush supply line is provided independent from the 

20 pressurization supply line in block 100 to facilitate separate and different flows of 
pressurization and purging/cleaning fluids during various modes of system operation. In 
particular, a fourth shut-off valve 1 14 is implemented along a channel 1 1 1 disposed within 
the block and branching from the main channel 109 between the first pressure sensor 108 
and the third shut-off valve 110. A portion of channel 1 1 1 extends from the fourth shut- 

25 off valve 1 14 to an inlet port in fluid communication with a non-MEMS purge/flush line 
124 extending from the block 100 to a supply source (not shown). The supply source may 
be a tank for delivering a purging gas (e.g., nitrogen) or flushing liquid (e.g., an aqueous 
or organic fluid such as octane, isopropanol, toluene, etc.) into the system block during a 
vacuum/purge/cleaning mode as described below. Valve 114 is implemented on channel 

30 111 in a forward orientation with respect to the normal flow of purge/flush fluid to be 
directed through channel 111 (as indicated by the arrow depicted in Fig. 4A for valve 
114). 
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Channel 111 further includes a branched section at a location upstream of the 
fourth shut-off valve 114. A fifth shut-off valve 116 is implemented on the branched 
section of channel 111 and is oriented in a forward orientation with respect to the normal 
flow of purging/flushing fluid to be delivered through the valve (as indicated by the arrow 
5 for valve 1 16 in Fig. 4A). The branched section extends from the outlet of valve 1 14 to 
channel 103. 

Optionally, a combined shut-off valve design similar to the embodiment described 
above and depicted in Figs. 2a and 2b may be implemented in the system block 100 as 
follows. Referring to Fig. 4B, a sixth shut-off valve 120 is further implemented within the 

10 system block 100 and is disposed along the main channel 109 at a location between the 
first pressure sensor 108 and valve 110. The sixth shut-off valve 120 is implemented on 
channel 109 in a forward orientation with respect to the normal direction of fluid flow 
through the main channel 109 (as indicated by the arrow depicted in Fig. 4B for valve 
120). This combination of shut-off valves provides valve leakage symmetry at the 

15 location of valves 110 and 120 so as to substantially prevent leakage of fluid in either 
direction due to variations in pressure differentials during changes in modes of system 
operation. 

The system block 100 of Fig. 4A may also be modified to provide one or more 
additional redundant MEMS shut-off valves with virtually no increase in system size (as 

20 the additional MEMS shut-off valves may be implemented in the same system block), 
volume, or susceptibility to system contamination. Redundant components are required in 
certain systems in which isolation between two or more sections within the system is 
absolutely essential to ensure complete avoidance of cross-contamination within the 
system and/or operational safety. In the exemplary embodiment of Fig. 4C, an additional, 

25 redundant shut-off valve 125 is implemented in-line along channel 109 and between 
pressure sensor 108 and shut-off valve 110. Valve 125 is implemented on channel 109 in 
a reverse orientation with respect to the normal flow of fluid through the valve (as 
indicated by the arrow depicted in Fig. 4C on valve 125). Thus, valve 125 is oriented in 
the same manner as valve 110 on channel 109. The redundant valve 125 serves a dual 

30 purpose in system block 100. The primary purpose of valve 125 is to ensure that 
pressurized fluid in chemical delivery line 122 does not leak back into system block 100 in 
the event a failure occurs in valve 1 10 during non-delivery operational modes. Secondly, 
the valve 125 further lowers potential for leakage of fluid from the delivery line 122 into 
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the system block 100 by several orders of magnitude due to micro-leaks that may develop 
at the sealing portions of the MEMS shut-off valves. 

The various modes of system operation will now be described with reference to 
Figs. 4B and 4D-4G. In Fig. 4B 5 the system is depicted in a stand-by mode when no fluid 
5 is flowing from the system block 100 to the delivery site. In this mode, valve 104 is open 
to facilitate pressurization of chemical fluid in tank 102, while valves 106, 110 and 120 
remain closed, thus preventing flow of fluid from tank 102 and the block 100 into delivery 
line 122. Valves 1 14 and 116 are also closed to prevent the flow of purging/flushing fluid 
beyond these valves and through the system block 100. Valves 132 and 136 are open, 

10 while valves 140 and 142 are closed. In situations where the fluid pressure at a location 
downstream of the system block 1 00 is greater than the pressure of fluid within the block 
(i.e., the pressure measured at the second pressure sensor 1 12 is greater than the pressure 
measured at the first pressure sensor 108), backflow of fluid from delivery line 122 is 
substantially minimized or prevented from flowing into the main portions of the system 

15 block due to the reverse orientation of valve 110. Similarly, when fluid within the system 
block 100 is pressurized to a pressure that is greater than the fluid pressure downstream 
from the block (i.e., the pressure measured at the first pressure sensor 108 is greater than 
the pressure measured at the second pressure sensor 1 12), valve 120 substantially prevents 
flow of fluid from the block 100 into delivery line 122. The purge/flush line 124 is 

20 maintained at the same or higher pressure than the pressure within the block 100 (as 
measured by sensor 108) to prevent leakage of fluid from the block at valves 1 14 and 1 16 
into line 124. 

During the chemical delivery mode, as depicted in Fig. 4D, valves 104, 110 and 
120 in the system block 100 are open to permit pressurization of chemical fluid within 

25 tank 102 and the flow of fluid from the tank through line 134 and into and through block 
100 to delivery line 122, while valves 106, 114 and 116 remain closed. Valves 132 and 
136 are also open, while valves 140 and 142 are closed. Pressure sensor 108 monitors the 
fluid pressure within the tank 102, while pressure sensor 112 monitors fluid pressure 
within the delivery line 122. Process controllers may be used to ensure the pressure in the 

30 system block is maintained at a higher pressure than the pressure downstream of the 
system block (e.g., by controlling the flow of pressurized fluid to the storage tank) in order 
to facilitate the flow of fluid at a desired rate during the chemical delivery mode. The 
purge/flush line 124 is maintained at the same or higher pressure than the pressure within 
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the block 100 (as measured by sensor 108) to prevent leakage of fluid from the block at 
valves 1 14 and 116 into line 124. 

When it is desired to halt chemical delivery to the delivery site and drain and purge 
the system block 1 00 with pressurization fluid, valves are opened and closed as described 
5 below and depicted in Fig. 4E. Specifically, valves 104 and 106 are opened and valves 
110, 114, 116 and 120 are closed to facilitate the flow of the pressurization fluid (e.g., 
helium) into the system block 100 and to force residual fluid through the system block and 
into lines 130 and 134. Valves 132 and 136 are closed to isolate the storage tank, and 
valves 140 and 142 are opened to facilitate flow of the fluids evacuated from the system 

10 block 100 into exhaust line 138, where the fluids are then collected at a collection site 
(e.g., a collection tank). If the chemical delivery line 122 is to also be purged, valves 1 10 
and 120 may also be opened to permit the pressurization fluid to flow from the system 
block into the delivery line 122. The pressure of fluids within the system block and the 
chemical delivery line are monitored by the pressure sensors 108, 1 12, and the purge/flush 

15 line 124 is maintained at the same or higher pressure than the pressure within the block 
100 (as measured by sensor 108) to prevent leakage of fluid from the block at valves 1 14 
and 116 into line 124. 

The system block channels and/or other fluid lines of the system may also be 
cleaned with a gas (e.g., nitrogen) or liquid (e.g., an aqueous or organic fluid such as 

20 octane, isopropanol, toluene, etc.) in a purge/flush mode utilizing purge/flush line 124. 
Referring to Fig. 4F, valves 104 and 106 are closed to prevent pressurization fluid from 
entering the system block 100. Valves 110 and 120 are closed to prevent cleaning fluid 
from entering line 122. Alternatively, if cleaning of the chemical delivery line 122 is 
required, valves 110 and 120 may be opened to permit cleaning fluid to flow into delivery 

25 line 122. One or both of valves 1 14 and 116 are open (both are shown as open in Fig. 4F), 
depending upon the desired flow path of cleaning fluid through the system block. Valves 
132 and 136 are closed to prevent cleaning fluid from entering storage tank 102. In 
addition, valves 140 and 142 are open to facilitate flow of cleaning fluid and residual 
chemical fluid removed from block 100 into evacuation line 138 to a collection site. The 

30 pressure sensors 108 and 112 monitor fluid pressure within the system block 100 and the 
chemical delivery line 122, and the pressure of pressurization fluid in line 128 is 
maintained at the same or higher pressure than the pressure within the system block (as 
monitored by pressure sensor 108) to maintain a tight seal at valves 104 and 106. The 
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combination of closed valves 110 and 120 substantially prevents mixing of cleaning fluid 
in the system block with fluid in the delivery line. 

In an evacuation mode, as depicted in Fig. 4G, valves 104, 106, 114 and 116 are 
closed to prevent flow of pressurization fluid and cleaning fluid into the major portions of 
5 the system block 100. Valves 110 and 120 are also closed to prevent backflow of fluid in 
delivery line 122 from being directed back into the system block 100. Alternatively, if 
evacuation of fluid within the delivery line 122 is required, valves 110 and 120 may be 
opened to permit such evacuation. Valves 132 and 136 are closed to isolate the tank 102 
from the rest of the system and valves 140 and 142 are open. A vacuum is applied (e.g., 

10 via a vacuum pump) to evacuation line 138 to evacuate residual fluid within the system 
block 100 and/or fluid from the delivery line 122. 

Thus, the system of Figs. 4A-4G provides a complex MEMS block integrated with 
other conventional fluid processing components in a high purity chemical distribution 
system that is highly reliable and minimizes or substantially prevents leakage at the 

1 5 MEMS valves disposed in the system block. In particular, the system facilitates the use of 
a different purging/cleaning fluid to be used independent of the pressurization fluid. This 
feature becomes very important when the pressurization fluid is expensive and it is 
desirable to limit its use primarily for pressurization purposes to minimize operational 
costs. Further, the system may be easily modified to include any number of additional 

20 redundant MEMS shut-off valves and/or combinations of MEMS shut-off valves to 
achieve a symmetrical leakage characteristic as described above. For example, the 
implementation of dual opposing shut-off valves (as described above and depicted in Figs. 
2a and 2b) at the locations of shut-off valves 104, 106, 114 and 116 would minimize or 
eliminate the requirement that the pressurization fluid and/or purge/cleaning fluid need to 

25 be at certain minimum pressures to avoid leakage at these valves. The implementation of 
such additional MEMS shut-off valves becomes relatively easy and cost-effective, without 
significantly increasing system size and internal volume requirements. In contrast, 
modifications to traditional, non-MEMS fluid distribution systems to add additional 
redundant or other valves so as to ensure delivery of chemicals at high purity will 

30 significantly increase the system size and expense (due to the increased number of high 
purity connectors and components needed) as well as increase the probability for system 
contamination (due to the increased internal volume and difficulty in cleaning, purging 
and evacuating branched lines). 
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In another embodiment of the present invention, a system is provided for receiving 
a chemical fluid from a fluid processor located upstream of the system and delivering the 
fluid at a precise pressure to a delivery site. Referring to Fig. 5 A, a chemical distribution 
system includes a MEMS system block 200 that receives a pressurization fluid (e.g., 
5 helium) from a pressurization source (e.g., a pressurization tank) via a pressurization line 
152. The second system block 200 is designed to pressurize a storage tank 250 (e.g., an 
intermediate or "day" tank) containing a chemical for distribution to a delivery site (e.g., a 
semiconductor processing tool). The second system block 200 includes a number of 
MEMS components arranged in-line along a channel 202 disposed in the system block and 

10 extending between an inlet port that is in fluid communication with the pressurization line 
1 52 and a vacuum/exhaust port that is in fluid communication with a vacuum/exhaust line 
242. The vacuum/exhaust line 242 is connected to a fluid collection site (not shown). 

Disposed along the main line of the channel 202 are the following MEMS 
components (in sequential order from the pressurization fluid inlet side of the block): an 

15 inlet shut-off valve 204, a first proportional valve 206, a pressure sensor 208, a second 
proportional valve 210 and an outlet shut-off valve 212. The MEMS proportional valves 
206 and 210 are preferably membrane based and are well known in the art and 
commercially available from, e.g., Redwood Microsystems, Inc. (Menlo Park, California). 
While the arrangement of these MEMS components are all disposed on a single block, it is 

20 noted that, alternatively, these components may be disposed on any suitable number of 
blocks in fluid communication with each other. Any one or more processors are employed 
in any conventional or other suitable manner to effect opening and closing of the shut-off 
valves 204 and 212, to manipulate of one or both of the proportional valves 206 and 210 to 
modify fluid pressure within the system block 200 in response to measured pressures 

25 within the system block 200 via pressure sensor 208. 

The inlet and outlet shut-off valves 204 and 212 are similar to the shut-off valve 
described above for Fig. 1 and are implemented along channel 202 in a forward orientation 
with respect to the normal flow of pressurized fluid through each valve (as indicated by 
the arrows depicted in Fig. 5 A for each valve 204, 212). Channel 202 further includes a 

30 branched section that extends to an outlet port of system block 200. The outlet port of the 
system block 200 is in fluid communication with a non-MEMS pressurization line 240 
(e.g., metal or plastic tubing) that is connected to a pressurization inlet of the tank 250. 
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A third system block 300 includes an inlet port that is in fluid communication with 
a fluid delivery line 260 that supplies fluid from an upstream fluid processor (not shown). 
A main flow channel 302 is disposed within and extends between the inlet port and an 
outlet port of the third system block 300. The main flow channel 302 includes a first shut- 
5 off valve 304 implemented on the channel in a forward orientation with respect to the 
normal flow of fluid from the inlet port and through the valve (as indicated by the arrow 
depicted in Fig. 5 A for valve 304). The outlet port of block 300 is in fluid communication 
with a non-MEMS fluid delivery line 310 that is connected to a delivery site (e.g., a 
semiconductor processing tool). 

10 The main flow channel 302 further includes a first branched section extending 

from the channel at a location upstream of valve 304 and a second branched section 
extending from the channel at a location downstream of valve 304. The first branched 
section includes a second shut-off valve 306 and extends to a transfer port of block 300 
that is in fluid communication with a fluid transfer line 244 connected with tank 250. 

15 Valve 306 is implemented on the first branched section in a forward orientation with 
respect to the normal flow of fluid supplied by delivery line 122 into and through the valve 
(as indicated by the arrow depicted in Fig. 5A for valve 306). Thus, the third system block 
facilitates the supply of fluid from the upstream fluid processor to the tank 250 via the first 
system block 100, delivery line 122, and the third system block 300. 

20 The second branched section of channel 302 includes a third shut-off valve 308 

and extends to a fluid receiving port of block 300 that is in fluid communication with a 
fluid supply line 246 connected with tank 250. Valve 308 is implemented on the second 
branched section in a forward orientation with respect to the normal flow of fluid supplied 
by tank 250 into and through the valve (as indicated by the arrow depicted in Fig. 5A for 

25 valve 308). 

Operation of the system described above is now described with reference to Figs. 
5A-5E. The pressure of the pressurization fluid is precisely controlled via system block 
200, which in turn precisely controls the pressure and flow rate of chemical fluid from 
tank 250 through system block 300 and into delivery line 310. In normal chemical 
30 delivery mode, shut-off valves 204 and 212 in system block 200 are open, and 
proportional valves 206 and 210 are also maintained at a set open position while the 
pressure of the pressurization fluid is monitored via pressure sensor 208. If the measured 
pressure at the pressure sensor 208 drops below a minimum threshold value or range of 
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values, proportional valve 206 is further opened to increase the flow and pressure of 
pressurization fluid within block 200. Similarly, when the measured pressure exceeds an 
upper threshold value or range of values, proportional valve 210 is opened just enough to 
relieve excess pressure and until the measured pressure falls within a desired pressure 
5 range. Optionally, proportional valves 206 and 210 and/or shut off valve 212 may be 
independently and/or simultaneously controlled to either increase or decrease pressure 
within system block 200 as desired. 

System block 300 effectively serves as a shutoff switch to facilitate filling of tank 
250 with fluid from the upstream fluid processor while selectively permitting fluid to flow 

10 from one or both of the upstream fluid processor and the tank 250. Referring to Fig. 5 A, 
valves 304 and 306 are closed while valve 308 is open. This configuration prevents 
chemical fluid flowing from the upstream fluid processor to both the tank 250 and delivery 
line 310, while permitting fluid to flow from tank 250 into system block 300 and delivery 
line 310. In the configuration of Fig. 5B, valves 306 and 308 are open while valve 304 is 

15 closed so as to permit filling of tank 250 from the upstream fluid processor while 
simultaneously delivery fluid from tank 250 to delivery line 310. The configuration of 
Fig. 5C shows valve 306 open and valves 304 and 308 closed, thus facilitating the filling 
of tank 250 from the upstream fluid processor while chemical delivery to line 310 is 
halted. Alternatively, valves 304 and 306 may be open and valve 308 closed, as depicted 

20 in Fig. 5D, to facilitate both filling of tank 250 and the flow of fluid to delivery line 310 
from the upstream fluid processor. Finally, valves 306 and 308 may be closed and valve 
304 open, as depicted in Fig. 5E, to facilitate delivery of fluid from the upstream fluid 
processor to delivery line 310 while tank 250 is brought offline (e.g., for repair or 
replacement). 

25 Thus, the system described above and depicted in Figs. 5A-5E facilitates precise 

control of the pressurization fluid, via system block 200, which in turn facilitates precise 
control of the chemical fluid flow rate and pressure during system operation. While the 
system described in Figs. 5A-5E utilizes two system blocks, it is noted that all the 
described MEMS components could alternatively be implemented in a single block. The 

30 system is further capable of being integrated with another chemical supply system for 
delivering chemical fluid to tank 250, with system block 300 providing multiple flow 
switching options as noted above. The orientation of MEMS shut-off valves in system 
block 300 provides adequate sealing of fluids for each of the switching options depicted in 
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Figs. 5A-5E. Optionally, it is noted that any number of redundant valves and/or combined 
or dual opposing shut-off valve configurations similar to the design described above and 
depicted in Figs. 2a and 2b may be implemented for any of the shut-off valves in system 
blocks 200 and 300. 

5 A further embodiment of the present invention combines the systems of Figs. 4B 

and 5 A, where the system of Fig. 4B serves as the upstream fluid processor for the system 
of Fig. 5 A. Referring to Fig. 6, the outlet port of system block 100 is in fluid 
communication with the inlet port of system block 300 via non-MEMS fluid delivery line 
122. In addition, pressurization lines 128 and 152 of system blocks 100 and 200 are each 

10 connected to a source of fluid pressurization 150 (e.g., a helium tank). The operation of 
each system block is substantially similar to that previous described above for each 
individual system. Thus, the system of Fig. 6 facilitates an uninterrupted supply of a 
chemical to a delivery site. For example, in a primer fluid delivery mode, the chemical is 
supplied from tank 250 while being periodically replenished (as described above) by the 

15 main tank 102. When the main tank 102 needs to be refilled or replaced with a new tank, 
the chemical delivery mode may be continued by supplying fluid from tank 250 while tank 
102 temporarily goes offline (i.e., by appropriate switching of the shut-off valves in 
system block 300). Replacement and/or refilling of tank 250 may include evacuation, 
purging and/or cleaning of the distribution lines in system block 100, which can be easily 

20 achieved in the manner described above. It is further noted that all of the MEMS 
components described above and depicted in Fig. 6 could be implemented into a single 
block, depending upon system requirements. 

In yet another embodiment of the present invention, a MEMS system block 
includes a mass flow controller with at least one integrated purge or flush line to facilitate 

25 cleaning of the mass flow controller at selected periods during system operation. As 
previously noted, the use of MEMS mass flow controllers in distribution systems can 
create clogging problems, particularly when there is stagnant chemical within the flow 
controller, due to the extremely small channel dimensions and internal volumes associated 
with MEMS. The integration of a purge or flush line with the MEMS mass flow controller 

30 prevents stagnant chemicals from lingering inside the micro-channels of the mass flow 
controller, thus improving the reliability and performance of the mass flow controller 
without having to increase the dimensions (and thus internal volume) of the flow channels 
within the system block. 
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A mass flow controller MEMS system block 400 is schematically depicted in Figs. 
7 A and 7B and includes a flush/purge line to remove residual chemicals from the system 
block during periods of non-use (i.e., non-flow of chemical fluid through the block). 
Specifically system block 400 includes the following MEMS components implemented in- 
5 line and in series along a main flow channel 402 disposed in the block (in sequential order 
from an inlet port to an outlet port of the main channel 402): a first shut-off valve 404 
disposed near the main channel inlet port, a first combined pressure/temperature sensor 
406, a proportional valve 408, a restricted flow orifice 410, a second pressure sensor 412 
and a second shut-off valve 414 disposed near the main channel outlet port. The inlet port 

10 of the main channel 402 is in fluid communication with a non-MEMS chemical supply 
line 420 to facilitate the flow of chemical to the system block 400 from an upstream fluid 
processor. Similarly, the outlet port of the main channel 402 is in fluid communication 
with a non-MEMS delivery line 422 for supplying chemical to a delivery site (e.g., a 
semiconductor processing tool). All of the shut-off valves of block 400 are similar to the 

15 shut-off valve described above and depicted in Fig. 1. The MEMS proportional valve 408 
pressure/temperature and pressure sensors 406, 412 are well known in the art and similar 
to those described above for the previous embodiments. Any one or more conventional or 
other suitable processors are utilized to effect control (i.e., opening and closing) of the 
valves based upon pressure and temperature measurements obtained by the sensors and at 

20 selected periods when it is desired to switch from a chemical delivery mode to a 
purge/flush mode. While the MEMS mass flow controller depicted in Figs. 7A and 7B 
utilizes pressure and temperature measurements to control fluid flow, it is noted that any 
other suitable mass flow controller may also be implemented within the system block 
which utilizes one or more other physical parameters to control fluid flow (e.g., 

25 ultrasound, thermoconductivity, etc.). 

Both the first and second shut-off valves 404 and 414 are implemented on channel 
402 in a forward orientation with respect to the normal flow direction of fluid from the 
inlet port to the outlet port of the main channel (as indicated by the arrows depicted in Fig. 
7A for valves 404 and 414). 

30 The main channel 402 further includes a pair of branched sections, the first 

branched section disposed at a location between the first shut-off valve 404 and the first 
pressure/temperature sensor 406 and the second branched section disposed at a location 
between the orifice 410 and the second pressure sensor 412. The first branched section 
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extends to an inlet port that is in fluid communication with a non-MEMS purge/flush 
supply line 430. The supply line 430 is connected to a purge/flush supply (e.g., a supply 
tank). Similarly, the second branched section extends to an outlet port that is in fluid 
communication with a non-MEMS collection line 432 that connects with a collection site 
5 (e.g., a collection tank). Optionally, collection line 432 may include a vacuum pump to 
facilitate removal of fluid from the block 400 during the purge/flush mode as described 
below. 

A third shut-off valve 424 is implemented on the first branched section in a reverse 
orientation with respect to the normal flow direction of purge/flush fluid supplied from 
10 supply line 430 to the system block 400 (as indicated by the arrow depicted in Fig. 7 A for 
valve 424). A fourth shut-off valve 426 is implemented on the second branched section in 
a forward orientation with respect to the normal flow direction of purge/flush fluid flowing 
through the system block 400 to collection line 432 (as indicated by the arrow depicted in 
Fig. 7A for valve 426). 

15 During the chemical delivery mode of system operation, as depicted in Fig. 7A, 

shut-off valves 424 and 426 are closed to prevent flow of purge/flush fluid from entering 
the main flow channel 402 of the system block 400, while shut-off valves 404 and 414 are 
open to permit flow of chemical fluid through the main flow channel 402. The pressure of 
purge/flush fluid in line 430 is maintained at no greater than the pressure of fluid flowing 

20 through the main channel 402 of the system block 400 to prevent leakage of purge/flush 
fluid through valve 424. The proportional valve 410 is calibrated to various open/closed 
positions to achieve desired pressure differentials between the first pressure/temperature 
sensor 406 and the second pressure sensor 412 at a given measured temperature so as to 
achieve a precise chemical flow rate through the system block 400 and to the delivery site. 

25 During periods when chemical delivery to the delivery site is to be halted and the 

purge/flush mode is implemented, as depicted in Fig. 7B, shut-off valves 404 and 414 are 
closed to prevent flow of chemicals into or out of the system block through the main 
channel 402. Shut-off valves 424 and 426 are opened to permit a purge/flush fluid (e.g., 
nitrogen) to flow through the main channel portions of the system block 400. The fluid in 

30 line 420 is maintained at the same or greater pressure than the purge/flush fluid flowing 
through the main channel 402 in the system block 400 to prevent leakage of purge/flush 
fluid from valve 404 into line 420. The flowing purge/flush fluid removes residual 
chemical residing in the main channel 402 into collection line 432, thus substantially 
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minimizing or preventing blockages in the main channel as well as MEMS components 
disposed along the main channel. 

Thus, the system block 400 provides a reliable MEMS mass flow controller that 
integrates a purge/flush line to reduce or eliminate potential blockages in the MEMS 
5 components. Switching between a chemical delivery mode and a system purge/flush 
mode is achieved quickly and easily, where the mass flow controller components can be 
quickly isolated within the block by the shut-off valves 404 and 414. System block 400 
may also be modified to include any number of suitable redundant shut-off valves and/or 
shut-off valve combinations as described above to enhance system performance and 

10 minimize potential leakage through any of the valves. If necessary, additional purge/flush 
lines may also be easily added within the system block without significant increase in the 
system block dimensions and internal volume. 

The system block 400 of Figs. 7 A and 7B can be combined with the system of Fig. 
6 to achieve a complex, high purity chemical delivery system that provides precise 

15 pressure control and fluid flow to a delivery site. Referring to Fig. 8, a system 
embodiment is schematically depicted, where system block 400 is implemented within the 
system depicted in Fig. 6 by connecting fluid delivery line 310, which is in fluid 
communication with an outlet port of system block 300, to the inlet port of system block 
400 (i.e., at the location immediately upstream from valve 404). The delivery line 422 of 

20 block 400 is connected with a semiconductor processing tool 500. 

Thus, the many embodiments described above and depicted in the figures facilitate 
the combination of MEMS components in a complex distribution system to reliably 
deliver high purity fluids for a semiconductor fabrication or other process while 
minimizing the potential for contamination of process fluid being delivered by the MEMS 

25 components. The MEMS components may be integrated on a single block or, 
alternatively, a plurality of blocks in fluid communication with each other and preferably 
arranged in functional groups (e.g., pressurization groups, flow rate control groups, etc.). 

Having described novel microelectromechanical systems for delivering high purity 
fluids in a chemical delivery system, it is believed that other modifications, variations and 

30 changes will be suggested to those skilled in the art in view of the teachings set forth 
herein. It is therefore to be understood that all such variations, modifications and changes 
are believed to fall within the scope of the present invention as defined by the appended 
claims. 
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